Objective: Several studies support the hypothesis that metabolism impairment is involved in the pathophysiology of depression and that some antidepressants act by modulating brain energy metabolism. Thus, we evaluated the activity of Krebs cycle enzymes, the mitochondrial respiratory chain, and creatine kinase in the brain of rats subjected to prolonged administration of fluvoxamine. Methods: Wistar rats received daily administration of fluvoxamine in saline (10, 30, and 60 mg/kg) for 14 days. Twelve hours after the last administration, rats were killed by decapitation and the prefrontal cortex, cerebral cortex, hippocampus, striatum, and cerebellum were rapidly isolated. Results: The activities of citrate synthase, malate dehydrogenase, and complexes I, II-III, and IV were decreased after prolonged administration of fluvoxamine in rats. However, the activities of complex II, succinate dehydrogenase, and creatine kinase were increased. Conclusions: Alterations in activity of energy metabolism enzymes were observed in most brain areas analyzed. Thus, we suggest that the decrease in citrate synthase, malate dehydrogenase, and complexes I, II-III, and IV can be related to adverse effects of pharmacotherapy, but long-term molecular adaptations cannot be ruled out. In addition, we demonstrated that these changes varied according to brain structure or biochemical analysis and were not dose-dependent.
Introduction
Major depression is the most common psychiatric disorder. 1 Mood disorders appear to afflict at least 12% of women and 8% of men. The World Health Organization estimates that major depression is the fourth leading cause of loss or life worldwide. 2 Moreover, unipolar depression is characterized by symptoms that must last a minimum of 2 weeks and interfere considerably with work and family relationships. 3 Pharmacotherapy of depression is costly and widely prescribed by physicians, even though less than half of the patients treated attain complete remission after therapy with a single antidepressant. Others exhibit partial, refractory, or intolerant responses to pharmacological treatment. 4 Current studies of the pharmacotherapy of major depressive disorder mainly emphasize the monoamine hypothesis. 5 This theory suggests that major depression results from an imbalance in neurotransmitters such as serotonin, norepinephrine, and dopamine, and current treatments are thus based on normalizing the levels of these neurotransmitters. 6 Fluvoxamine is classified as a selective serotonin reuptake inhibitor (SSRI) and is widely used for the treatment of depression and various anxiety disorders. 7 With its characteristic binding to the 5-hydroxytryptamine receptor, fluvoxamine has less effect on noradrenaline and dopamine receptors, resulting in a different side effect profile as compared with older tricyclic antidepressants and monoamine oxidase inhibitors. 8 Several studies also support the hypothesis that metabolism impairment is involved in the pathophysiology of depression and that some antidepressants act by modulating brain energy metabolism. 9 A large number of drugs that have been withdrawn from the market or whose development was discontinued due to hepatotoxicity, nephrotoxicity, or cardiotoxicity have been reported to disturb mitochondrial functions. 10 Mitochondria are intracellular organelles which play a crucial role in adenosine triphosphate (ATP) production. 11 The Krebs cycle occurs within the mitochondrial matrix and contributes to production of large amounts of ATP via mitochondrial oxidative phosphorylation, which supplies more than 95% of the total energy requirement in the cells. 12 Creatine kinase is an enzyme that also contributes to rates ATP metabolism in tissues with high energy demand. 13 Based on the hypothesis that some antidepressants may modulate energy metabolism and that the effects of fluvoxamine on energy metabolism are still not clearly understood, the present study evaluated the activities of Krebs cycle enzymes, the mitochondrial respiratory chain, and creatine kinase in the brain of rats subjected to prolonged administration of fluvoxamine.
Methods

Animals
Adult male Wistar rats (250-300 g) obtained from the Central Animal House of Universidade do Extremo Sul Catarinense (UNESC) were caged in groups of two with free access to food and water and kept on a 12-h lightdark cycle (lights on 7:00 a.m.) at a temperature of 2261 6C. All experimental procedures were carried out in accordance with the Brazilian Society for Neuroscience and Behavior recommendations for animal care, with the approval of the local Ethics Committee.
Prolonged administration of fluvoxamine
Animals received daily administration of fluvoxamine dissolved in saline solution (10, 30 , and 60 mg/kg, intraperitoneal), 1 mL/kg per body weight, for 14 days (n=7). Control rats received an equivalent volume of saline, 1 mL/kg (intraperitoneal), for the same period (n=7). Twelve hours after the last injection, 14 the animals were killed by decapitation and the prefrontal cortex, cerebral cortex, hippocampus, striatum, and cerebellum were rapidly isolated and kept on an ice-plate.
Tissue and homogenate preparation
Prefrontal cortex, posterior cortex, hippocampus, striatum, and cerebellum were homogenized (1:10, w/v) in SETH buffer, pH 7.4 (250 mM sucrose, 2 mM EDTA, 10 mM Trizma base, 50 IU/mL heparin). The homogenates were centrifuged at 800 x g for 10 min at 4 6C and supernatants kept at -70 6C until use for enzyme activity determination. The maximal period between homogenate preparation and enzyme analysis was always less than 5 days. Protein content was determined by the method described by Lowry et al. 15 using bovine serum albumin as standard.
Activity of Krebs cycle enzymes
Citrate synthase
Citrate synthase activity was assayed using the method described by Srere. 16 The reaction mixture contained 100 mM Tris, pH 8.0, 100 mM acetyl CoA, 100 mM 5,59-dithiobis-(2-nitrobenzoic acid), 0.1% Triton X-100, and 2-4 mg supernatant protein, and was initiated with 100 mM oxaloacetate and monitored at 412 nm for 3 min at 25 6C.
Malate dehydrogenase
Malate dehydrogenase was measured as described by Kitto. 17 Aliquots (20 mg protein) were transferred into a medium containing 10 mM rotenone (specific inhibitor of complex I), 0.2% Triton X-100, 0.15 mM NADH, and 100 mM potassium phosphate buffer, pH 7.4, at 37 6C. The reaction was started by addition of 0.33 mM oxaloacetate. The absorbance was monitored as described above.
Succinate dehydrogenase
Succinate dehydrogenase activity was determined as per Fischer et al., 18 measured by following the decrease in absorbance due to reduction of 2,6-di-chloro-indophenol (2,6-DCIP) at 600 nm with 700 nm as reference wavelength (e = 19.1 mM -1 cm -1 ) in the presence of phenazine methosulphate (PMS). The reaction mixture consisting of 40 mM potassium phosphate, pH 7.4, 16 mM succinate, and 8 mM 2,6-DCIP was pre-incubated with 40-80 mg homogenate protein at 30 6C for 20 min.
Subsequently, 4 mM sodium azide, 7 mM rotenone (specific inhibitor of complex I), and 40 mM 2,6-DCIP were added. The reaction was initiated by addition of 1 mM PMS and was monitored for 5 min.
Activity of mitochondrial respiratory chain enzymes
Complex I NADH dehydrogenase (complex I) was evaluated as described by Cassina & Radi 19 by determining the rate of NADH-dependent ferricyanide reduction at 420 nm.
Complex II
The activity of succinate-2,6-dichloroindophenol (DCIP)-oxidoreductase (complex II) was determined by the method described by Fischer et al. 18 Complex II activity was measured by following the decrease in absorbance due to reduction of 2,6-DCIP at 600 nm.
Complex II-III
The activity of succinate: cytochrome c oxidoreductase (complex III) was determined by the method described by Fischer et al. 18 Complex II-III activity was measured by cytochrome c reduction using succinate as substrate at 550 nm.
Complex IV
The activity of cytochrome c oxidase (complex IV) was assayed as described by Rustin et al., 20 measured by following the decrease in absorbance due to the oxidation of previously reduced cytochrome c (prepared by reduction of cytochrome with NaBH4 and HCl) at 550 nm with 580 nm as the reference wavelength (e = 19.1 mM -1 cm -1 ). The activities of the mitochondrial respiratory chain complexes were calculated as nmol. min -1 . mg protein -1 .
Fluvoxamine and energy metabolism
Activity of creatine kinase
Creatine kinase activity was measured in brain homogenates pretreated with 0.625 mM lauryl maltoside. The reaction mixture consisted of 60 mM Tris-HCl, pH 7.5, containing 7 mM phosphocreatine, 9 mM MgSO4, and approximately 0.4-1.2 mg protein to a final volume of 100 mL. After 15 min of pre-incubation at 37 6C, the reaction was started by the addition of 3.2 mmol of adenosine diphosphate (ADP) plus 0.8 mmol of reduced glutathione. The reaction was stopped after 10 min by the addition of 1 mmol of p-hydroxymercuribenzoic acid. The creatine formed was estimated by the colorimetric method of Hughes. 21 The color was developed by addition of 100 mL 2% a-naphtol and 100 mL 0.05% diacetyl in a final volume of 1 mL and read spectrophotometrically after 20 min at 540 nm. Results were expressed as units/min x mg protein.
Statistical analysis
Results were presented as means 6 standard deviation. Assays were performed in duplicate and the mean was used for statistical analysis. Data were analyzed by oneway analysis of variance (ANOVA) followed by the Tukey test when F was significant. Between-groups differences were rated significant at p , 0.05. All analyses were carried out in an IBM PC-compatible computer using SPSS.
Results
In the present study, we evaluated the activity of some Krebs cycle enzymes, the mitochondrial respiratory chain, and creatine kinase in the rat brain after prolonged administration of fluvoxamine at three dosage levels (10, 30, and 60 mg/kg). Our results showed that citrate synthase activity was decreased in the cerebellum and hippocampus (60 mg/kg) and cerebral cortex (10 and 30 mg/kg) and increased in the prefrontal cortex (30 mg/kg) ( Figure 1 ). Succinate dehydrogenase activity was increased in the prefrontal cortex, hippocampus and striatum (30 mg/kg), cerebellum (30 and 60 mg/kg), and cerebral cortex (at all doses) (Figure 2) . Malate dehydrogenase activity was decreased in the prefrontal cortex (10 mg/kg) and striatum (at all doses) (Figure 3 ). Complex I activity was decreased in the prefrontal cortex, hippocampus, and striatum (10 mg/kg); however, complex I activity was increased in the prefrontal cortex in the 30 mg/kg group ( Figure 4A ). Complex II activity was increased in the prefrontal cortex and cerebellum (30 mg/ kg) and cerebral cortex (10 mg/kg) ( Figure 4B ). Complex II-III activity was decreased in the prefrontal cortex (10 mg/kg) and cerebellum (20 mg/kg) ( Figure 4C ). Complex IV activity was decreased in the prefrontal cortex (10 and 30 mg/kg), hippocampus (30 and 60 mg/kg), and cerebral cortex (60 mg/kg) ( Figure 4D ). Finally, creatine kinase activity was increased in the cerebellum (60 mg/kg), striatum (30 and 60 mg/kg), and cerebral cortex (10 and 30 mg/kg); however, it was decreased in prefrontal cortex in the 10 mg/kg group ( Figure 5 ).
Discussion
Mitochondria presumably produce much of the ATP essential for the excitability and survival of neurons and the protein phosphorylation reactions that mediate synaptic signaling and related long-term changes in neuronal structure and function. Evidence shows that patients with psychiatric disorders (depression, bipolar disorder, and schizophrenia) exhibit mitochondrial abnormalities at the structural, molecular, and functional levels. 22 Indeed, Gardner et al. 23 showed a significant decrease in mitochondrial ATP production rates and Figure 1 Effect of prolonged administration of fluvoxamine on citrate synthase activity in the rat prefrontal cortex, hippocampus, striatum, cerebellum, and cerebral cortex. Data were analyzed by one-way analysis of variance followed by Tukey test when F results were significant. * Different from control, p , 0.05. mitochondrial enzyme ratios in muscle of major depressive disorder patients. Considering that life stressors may contribute to the development of depression, chronic stress has been used as an animal model of depression. In this scenario, it has been reported that activity of brain Na+, K+-ATPase and respiratory chain complexes I, III, and IV is inhibited after chronic variable stress in rats and that complexes I-III and II-III of the mitochondrial respiratory chain are inhibited in the rat brain after chronic stress. 24 An abnormal cellular energy state can lead to alterations in neuronal function, plasticity, and brain circuitry, and thereby affect cognition. 25 The action of various therapeutic agents on mitochondria is relatively unknown. Evidence suggests that mitochondrial dysfunctions are implicated in etiology of drug-induced toxicities. 26 However, there is relatively little information about associations between antidepressantinduced changes in mitochondrial functions and therapeutic or side effects of these drugs. Our findings showed that fluvoxamine alters the activity of energy metabolism enzymes in the brain, although this influence varied depending on the dose, brain region, and enzyme evaluated. Furthermore, different regions of the central nervous system can respond distinctly, 27 and the Figure 2 Effect of prolonged administration of fluvoxamine on succinate dehydrogenase activity in the rat prefrontal cortex, hippocampus, striatum, cerebellum, and cerebral cortex. Data were analyzed by one-way analysis of variance followed by Tukey test when F results were significant. * Different from control, p , 0.05. Figure 3 Effect of prolonged administration of fluvoxamine on malate dehydrogenase activity in the rat prefrontal cortex, hippocampus, striatum, cerebellum, and cerebral cortex. Data were analyzed by one-way analysis of variance followed by Tukey test when F results were significant. * Different from control, p , 0.05.
activities of enzymes involved in energy metabolism were analyzed in different brain regions, which in part represent different cell types, indicating heterogeneity in terms of physiological and metabolic characteristics. [28] [29] [30] Our data are consistent with previous studies that showed antidepressants might cause impairment in mitochondrial function. 31 Recent studies showed that citalopram and escitalopram decreased the activity of respiratory chain complexes. 32 Dykens et al. 33 showed that antidepressants induce mitochondrial dysfunction and cytotoxicity. In this context, a recent study showed that tricyclic antidepressants can modulate mitochondrial functions indirectly through a decrease in nitric oxide production. 34 More recently, Hroudová & Fisar 35 showed that amitriptyline, fluoxetine, and tianeptine are potent partial inhibitors of energized mitochondrial respiration.
The reasons for the region-specific effect of fluvoxamine on the activity of energy metabolism enzymes are unclear, but studies have demonstrated that fluvoxamine has different effects in specific brain areas. Muck-Seler et al. 36 reported that fluvoxamine administration decreased 5-HT synthesis rates in serotonergic cell bodies in the raphe magnus, with a trend toward decrease in the dorsal and median raphe nuclei. On the other hand, 5-HT synthesis rates were increased in the hippocampus, substantia nigra, and hypothalamus, and remained unchanged in the caudate-putamen and nucleus accumbens.
Most antidepressants are cationic amphiphilic molecules, which can accumulate in the brain, membranes, and subcellular components. 37 The unique physicochemical properties of the mitochondrial matrix may facilitate the selective accumulation of different xenobiotics in the matrix and/or in the inner mitochondrial membrane. 38 Thus, high antidepressant concentrations in mitochondria can be sufficient for partial inhibition of the respiratory rate, and inhibition of mitochondrial respiration may represent the first step in the induction of antidepressant side effects associated with disturbed metabolism and transport of these drugs. On the other hand, considering that mitochondrial dysfunction induces activation of gene expression through the transcription factor cyclic adenosine monophosphate (cAMP) response element-binding protein (CREB) via the cAMP signaling pathway and that effects of long-term treatment with antidepressants are linked to the activation of the cAMP/protein kinase A/ CREB/brain-derived neurotrophic factor pathway, 39 it can be speculated that antidepressant-induced mitochondrial dysfunction could be involved in early biochemical processes leading to changes in neuroplasticity. In this context, Abdel-Razaq et al. 40 suggest that the weak antimitochondrial actions of antidepressants could provide a potentially protective preconditioning effect, in which antidepressant-induced mitochondrial dysfunction below the threshold of injury results in subsequent protection.
However, it is well known that the mitochondrial oxidative phosphorylation system generates reactive oxygen species (ROS). 41 Complex I plays a major role in controlling oxidative phosphorylation, and its abnormal activity can lead to defects in energy metabolism and thereby to changes in neuronal activity. This unique feature explains the mitochondrion's great vulnerability to lipophilic molecules. 41 Inhibition of complex III usually results in the generation of ROS as a consequence of the intrinsic characteristics of the electron-transfer process to this complex from reduced ubiquinone (UQ). 42 To maintain homeostasis, mitochondria possess a number of compartmentalized proteolytic systems that are capable of degrading transient or abnormal proteins. Within the mitochondrial matrix, the ATP-dependent Lon protease has been suggested to perform this vital function. The increased susceptibility of Lon protease inactivation in comparison with electron transport chain inhibition raises the possibility that Lon protease dysfunction may be an early event in the pathogenesis of mitochondrial disorders associated with elevated ROS production. This may result in a self-amplifying cycle of oxidative damage to the mitochondria as a result of aconitase oxidation and the release of unbound iron ions, leading to impaired respiration and cellular degeneration. 43 Thus, the potentially protective preconditioning caused by antidepressant-induced mitochondrial dysfunction below the threshold of injury can be associated with adverse effects through the formation of ROS, since said mitochondrial dysfunction generates ROS, which in turn are associated with a reduction in antioxidant defenses that can lead to oxidative stress.
In conclusion, based on the hypothesis that metabolic impairments might be implicated in the pathophysiology of depression, and on previous studies that have demonstrated that some antidepressants induce mitochondrial dysfunction, we suggest that an increase in complex II, succinate dehydrogenase, and creatine kinase activities is associated with the therapeutic effects of antidepressants, and that a decrease in citrate synthase, malate dehydrogenase, and complexes I, II-III, and IV activities could be related to adverse effects of pharmacotherapy, but long-term molecular adaptations cannot be ruled out. In addition, we demonstrated that these changes varied according to brain structure or biochemical analysis and were not dose-dependent.
